We observed an orientational photorefractive effect in porphyrin:Zn-doped nematic liquid crystals by measuring two beam coupling gain and diffraction efficiency under the influence of applied electric field. The gain and diffraction efficiency curves against applied electric field typically reveal resonant type curves, rapidly increasing to its maximum values and then gradually decreasing, but have clearly distinct peak positions. Nematic liquid crystals (NLCs)-based photorefractive materials are very attractive for photonic applications such as dynamic hologram, optical information processing, phase conjugation, and optical switching because of their large optical anisotropy, low driving voltage, and large electro-optic effects. The orientational photorefractive (OPR) effect of NLCs in the mesophase has been first reported by Khoo et al. 1 Since then, several LCs-based photorefractive materials have been reported.
2-6 Khoo 7 also presented the basic mechanisms for photoinduced space charge field formation, director axis reorientation, and refractive index change in fullerene C 60 and dye-doped NLCs. In conventional photorefractive parlance, the space-charge fields in NLCs are generated by spatially inhomogeneous photogenerated charge carriers (e.g., positive and negative ions in NLCs), which are diffused and drifted by a density gradient of charge carriers and applied electric field, respectively. Consequently, the resulting optical torques which are caused by the combined effect of the applied electric field and the induced space charge field, reorient the director axis of NLCs, yielding a photoinduced refractive index change. Furthermore, it has been also discovered that the molecular director of NLCs can be much more effectively reoriented when small amounts of appropriate dyes are dissolved in NLCs, which exhibit greatly enhanced orientational nonlinearity, up to two orders of magnitude larger than in pure LCs, which is so-called "dye effect." 8, 9 Several dopant dyes such as Methyl Red, 2 C 60 , 3, 4 carbon nanotubes, 5 and Rhodamine 6G, 6 have been known effective in producing photogenerated charge carriers, dramatically raising OPR effect.
The purpose of this letter is to provide experimental results for the OPR effect observed in a porphyrin:Zn-doped NLCs film under the influence of dc electric field and offer a detailed theoretical description for the time-dependent orientational photorefraction in NLCs to quantitatively explain the experiments. We fabricated porphyrin:Zn-doped NLC cells filled by capillary phenomenon between two indium tin oxide coated glass substrates with 20-m-thick beads as a spacer. The NLCs, E7, were obtained from Merck Korea, which are dielectric anisotropy ⌬ = 13.8, elastic constant K 11 = 1.11ϫ 10 N at room temperature and wavelength = 589 nm. Zn-doped porphyrin dye [5, 10, 15 ,20-tetraphenylporphyrinatozinc (ZnTPP)] was supplied by Pusan National University and the dopant dye in LCs was 0.5 wt %. Porphyrin:Zn dye used in this work is photosensitive to blue-green light and greatly enhances orientational nonlinearity, as is often observed in several dyes (so-called dye effect). [2] [3] [4] [5] [6] 8, 9 To investigate the OPR effect in our sample, we have measured two beam coupling (TBC) gain simultaneously with diffraction efficiency (DE) under the circumstances of applied dc electric field. A sample structure and experimental setup are schematically illustrated in Fig. 1 . Two coherent and p-polarized Ar-ion laser beams ͑514 nm͒ were used to create OPR gratings and the two transmitted beam intensities were detected for measuring TBC gain. An incoherent and p-polarized He-Ne laser beam ͑633 nm͒ was also used for measuring the real-time diffraction efficiency of OPR gratings. The input beam intensity ratio of two writing beams was kept to be unity during the experiments and the total input writing intensity was 265 mW/ cm 2 . The sample is tilted from the bisector of the writing beams in order to provide a projection of the grating wave vector along the direction of the applied electric field. A dc electric field is applied to the sample, ranging from 0 to 3 V/m with a positive or negative z direction and a tilt angle ␤ is +35°or −35°. For a small wave mixing angle of 2 inc = 10°(i.e., for a Raman-Nath regime), we observed high order self-diffracted beams more than ±5th. As inc ina)
Author to whom correspondence should be addressed; electronic mail: chkwak@yu.ac. creases, however, the high order self-diffracted beams gradually disappear. For 2 inc ജ 20°(i.e., for Bragg regime), we observed no self-diffracted beams anymore. We measured TBC gain and DE at 2 inc = 20°for a Bragg regime. Figure 2 shows a typical TBC experimental result. The asymmetric energy transfer is clearly seen by the decrease in the intensity of I 1 beam and increase in that of I 2 beam, revealing the photorefractive nature of our sample.
To quantitatively describe the OPR effect we start with the material equations for doped NLCs: 6, 10 ‫ץ‬ n
where n ± are the positive and negative charge carrier densities, J ± are the current densities, ± are the mobilities, ␥ is the recombination rate, ␣ is the charge generation rate, e is the elementary charge, k B is the Boltzmann's constant, T is the absolute temperature, is the relative dielectric constant, 0 is the dielectric constant in the vacuum, d is the dark conductivity which is assumed to be neglected for small value as compared to the photocurrent, and E is the total electric field, consisting of the induced space charge field E 1 and applied electric field E 0 . We consider a sinusoidally modulated intensity, I͑r͒ = I 0 ͑1+m exp͓iq · r͔ / 2 + c.c.͒, illuminating to the sample, where I 0 is the total input beam intensity of two writing beams, m is the modulation depth, q = ͉q͉ =2 / ⌳, ⌳ is the grating spacing, and c.c. is the complex conjugate. Following the standard linearization for small modulation depth approximation (i.e., m Ӷ 1), we can assume that the physical parameters n ± , J ± , and E in Eq. (1) have the same spatially periodic form of the intensity I͑r͒. Substituting these parameters into Eq. (1) and retaining only up to first order term, exp͓iq · r͔, after some lengthy calculations, we obtain the time-dependent differential equation for induced space charge field E 1 in NLCs: 6, 7 and assuming a single elastic constant approximation, ignoring the flow of LCs, and neglecting the hard boundary conditions, we finally get the time-dependent perturbed molecular reorientation angle 1 from the usual Ericksen-Leslie equation:
where R = ␥ vis / Kq 2 , ͉E 1 ͉ is the magnitude of the space charge field E 1 = mh / g in Eq. (2), ␥ vis is a viscosity coefficient, K is an elastic constant, and E C = ͱ Kq 2 / ⌬ 0 is a critical field, which is analogous to the Freedericksz transition field for ⌳ = d. In deriving Eq. (3), we made use of the small reorientation angle approximation ͑ 1 Ӷ 1͒. We have derived timedependent expressions for the space-charge field and the orientational photorefractive effect that describes the most general aspect of transient OPR effect as well as steady state. As a result of the orientational birefringence of the director axis, the induced extraordinary wave phase grating, ⌬n, (i.e., OPR grating) is given by
where n ʈ and n Ќ are the refractive index for field parallel and perpendicular to the director axis, respectively, sc = tan −1 ͓Im͑E 1 ͒ /Re͑E 1 ͔͒ is the phase shift with respect to the intensity grating, and ␦n 1 = ͑n ʈ − n Ќ ͒͑n ʈ / n Ќ ͒sin͑2␤͒ 1 is the amplitude of the OPR grating. Now we discuss TBC gain and DE for the OPR grating. It is well known that the TBC gain coefficient is given by ⌫ =2␦n 1 11 Gain coefficient ⌫ may also be experimentally estimated from the relation of ⌫ = ͑ln͑Gm 0 ͒ −ln͑m 0 +1 − G͒͒cos inc / d, where m 0 is the input beam intensity ratio, d is the sample thickness, and G is the exponential gain, which is defined by G = I 2 ( with I 1 ) /I 2 (without I 1 ). Since ␦n 1 ϰ E 0 ͉E 1 ͉cos ␤ sin 2␤ / ͑E C 2 + E 0 2 ͒, it is immediately clear that ␦n 1 ͑−␤͒ =−␦n 1 ͑+␤͒ and ␦n 1 ͑−E 0 ͒ =−␦n 1 ͑+E 0 ͒, so that if the direction of the E 0 or the tilt angle ␤ is reversed (i.e., E 0 → −E 0 , ␤ → −␤ and vice versa) the direction of energy transfer in TBC is also reversed. It is equivalent to shifting the grating phase by . Note that the sign of sin sc in ⌫ is independent of the reverse directions of E 0 and ␤. We separately measured TBC gain coefficients against E 0 by reversing the directions of the E 0 and the tilt angle ␤ as shown in Fig. 3 . Experimental results definitely show this phenomenon, which reveals a strong proof of OPR effect of our sample. However, the DE curves were not influenced by the direction of the E 0 or the ␤, because the DE is proportional to the square of ␦n 1 ͑␤ , E 0 ͒. Figure 4 represents the simultaneously measured gain coefficient and DE against E 0 with the theoretical predictions, showing good agreement with the data. We have used the following parameters for the best curve fittings:
.01 V / m, and = 0.4. The peak positions of the gain coefficient and the diffraction efficiency against applied electric field are clearly distinct from each other, as theoretically predicted. High gain coefficient of over 170 cm −1 and DE of over 10% were obtained with low applied electric fields of E 0 = 0.57 V / m and E 0 =1 V/m, respectively. The amplitude of OPR grating was also estimated as ␦n 1 Ϸ 1.3ϫ 10 −2 and n 2 Ϸ 5 ϫ 10 −2 cm 2 / W for E 0 = 0.57 V / m. This value of n 2 is one order of magnitude larger than that of C 60 -doped 5CB sample 1 and is comparable to that of liquid crystal E7 doped with carbon nanotube. 5 In conclusion, we observed an orientational photorefractive effect in porphyrin:Zn doped nematic liquid crystals by measuring two beam coupling gain and diffraction efficiency under the influence of applied electric field. Based on the material equations and the torque balance equation of director axis reorientation of liquid crystals, we have theoretically derived the expressions for the orientational photorefractive gain and diffraction efficiency, showing good agreement with the experimental results.
